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Preface

Since its first application to geodynamical problems, GPS geodesy
has gradually revealed the nature of motion and deformation for most active
areas of deformation across the Earth. One of the last remaining regional-
scale problems is the motion and associated deformation in the peri-Adriatic
region. Selected local-scale studies have examined aspects of this motion, but
to date no regional team has systematically attacked the full regional scope of
this problem. This NATO Advanced Research Workshop (ARW) was
designed to bring together an international group of scientists working in the
peri-Adriatic region to: (1) review research activities and results completed to
date, (2) share technical expertise, and (3) provide a springboard for future
collaborative research on Adria geodynamics.

This NATO ARW was held from April 4-7, 2004 in Veszprém,
Hungary. The meeting venue was the Veszprém center of the Hungarian
Academy of Sciences (VEAB), located on the ramparts of the city’s castle
district. Workshop participants included 32 participants from 15 different
countries. Most participants arrived in Budapest on April 3, staying at the
Hotel Peregrinus, just off the Vaci Utca pedestrian zone in central Pest (access
to the Peregrinus courtesy of the Geophysics Department, E6tvos Lorand
Technical University). This unofficial “staging” day facilitated assembly of
participants from different locations, allowed opportunity to explore the
historic center of Budapest, and allowed overseas participants to recover from
their jet-lag. Early on the morning of April 4, additional participants arrived
at the Peregrinus to join the group on the chartered bus trip to Veszprém.
With Budapest traffic (uncharacteristically) light on a Sunday morning, the
bus delivered the group to Veszprém. Additional workshop participants also
arrived independently in Veszprém during the morning of April 4. Formal
activities of the ARW began with lunch on April 4 and continued through
dinner on April 6. After a formal welcome and convocation speech on the
first day, four half-day plenary sessions were held, each consisting of 7-9
presentations. Themes of each of these sessions were: (1) Regional Tectonics
of South-Central Europe, (2) Geologic Evidence and Recent Research on
Adria Motion, (3) Geodetic Infrastructure and Research in the Peri-Adriatic
Region, and (4) Adria Plate Motion and Societal Impacts. A particularly
popular element of the workshop took place during the fifth half-day session.
This summative review consisted of four “break-out” sessions, reports of
break-out session chairs, a panel discussion, and a final summative review or
the workshop and future milestones. Areas of agreement were identified, as
well as remaining areas of debate. In addition, attention focused on important
scientific questions and the potential for international and interdisciplinary
research in the future.

X
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Records of the workshop included a volume of extended abstracts that
was distributed at the time of the meeting as well as a compilation of
Powerpoint presentations. Regarding the latter, we solicited all participants
whether they would be willing to share their Powerpoint presentations with
the group as a while; we then produced a CD that was distributed to all
workshop participants who contributed their presentations. The final record
of the workshop is this volume. A total of 26 papers were contributed, and
each one was peer reviewed by at least two reviewers, one of the Associate
Editors, as well as both of the two lead editors. We thank all of the authors
and all of the reviewers for their tremendous efforts, and we believe that those
efforts are reflected here in an outstanding and timely contribution to the
science of geodesy, tectonics, and the understanding of the peri-Adriatic
region.

Finally, the editors would like to thank the NATO Science
Commission for its support for the Veszprém workshop and for this volume,
the Geophysics Department of Eo6tvos Lorand University for its co-
sponsorship and logistical support of the meeting, and the Hungarian
Academy of Science for the use of its meeting, lodging, and dining facilities
in Veszprém. Special thanks are due to our Workshop Coordinator, Dr.
Sandor Frey of the Satellite Geodetic Observatory. Dr. Frey’s tremendous
efforts in advance of and during the meeting were critical to its successful
outcome. We would also like to thank Mr. Endre Démbradi and Ms. Anita
Horvéath for their capable and good-natured assistance during the running of
the workshop.

The editors
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ABSTRACT

This volume presents the current status of research into the geodynamics of the Adriatic
region and the surrounding areas of Italy, the Alps, the Pannonian basin, and the eastern margin of
the Adriatic as far south as Greece. Contributions here come from the fields of technical and
applied geodesy, tectonics, structural geology, paleomagnetism, seismology, and other fields.
Papers are grouped together into five major themes: (1) Introduction and regional tectonic
framework; (2) Geologic evidence of Adria motion; (3) Geodetic infrastructure and technology;
(4) Geodetic measurements and geodynamics; and (5) Seismology, seismic hazard, and societal
impacts of Adria tectonics.

Several areas of consensus and several unresolved questions have emerged in
this field. First, recent GPS surveys almost universally conclude that Adria currently is moving
independent of both Eurasia and Africa/Nubia. However, Nubia motion remains imperfectly
constrained, and a better distribution and density of GPS measurements across Africa is desirable.
The precise boundaries of Adria also remain open to a variety of different interpretations. To the
northeast, current deformation appears to be distributed over a broad zone, with “Adria push”
penetrating through the Dinarides and Pannonian basin. This on-going motion of Adria appears to
be driving active lateral extrusion to the northeast, and similar processes may be active at the
northwestern corner of Adria, in and around the Western Alps. Within the Adriatic region itself,
seismicity and variations in GPS vectors across the region have been interpreted by some as
internal fragmentation of Adria, and several geometries have been proposed.

In the future, expanded research focused on regional peri-Adriatic geodynamics would
have both theoretical scientific benefits as well as tangible applications. The motion of Adria and
Adria-driven deformation exert first-order controls on earthquake hazard and other natural hazards
such as slope failure and soil erosion. In addition, the geodynamic pattern and tectonic history

1
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2 THE ADRIA MICROPLATE

also control the distribution of minerals and other economic resources; in particular Adria-related
tectonics have controlled hydrocarbon accumulation in locations such as the Pannonian basin.
Potential for future research includes cross-disciplinary work, for example linking GPS geodetic
measurements with geological or perhaps paleoseismic techniques to identify specific structures
and their history of deformation integrated through several full seismic cycles. In addition, future
geodetic research should be international, fully spanning the Adriatic block and its boundary
zones, with the goal of producing a dense, methodologically homogenous velocity field.

Keywords: Adria, Eastern Mediterranean, south-central Europe, geodynamics, GPS geodesy

INTRODUCTION

This volume presents the results of a NATO Advanced Research
Workshop (ARW) entitled “The Adria Microplate: GPS Geodesy, Tectonics,
and Hazards” that was held April 4-7, 2004 at the Veszprém center of the
Hungarian Academy of Sciences (VEAB) in Veszprém, Hungary. The purpose
of the workshop was to bring together geodetic and earth scientists in
order to focus on the geodynamics of the peri-Adriatic region, an area
which encompasses the Adriatic Sea itself, portions of the Eastern
Mediterranean, and a broad swath of south-central Europe. The geodynamics of
this region appear to be dominated by the motion of “Adria” (Seuss, 1883), a
lithospheric unit (microplate, plate promontory, block, or series of blocks)
centered on the Adriatic Sea. Effects of Adria motion are manifested within the
Adria block, at its boundaries (the locations and nature of which are discussed
later in this paper), and over long distances into the surrounding areas of south-
central Europe and the Mediterranean.

The goals of this workshop were to bring together a broadly
interdisciplinary group of scientists working on or in the peri-Adriatic region to:
1) review research activities and results completed to date, 2) identify areas of
consensus as well as unresolved questions surrounding the geodynamics of
Adria, and 3) provide a springboard for future collaborative research.
Disciplines represented at the workshop included technical geodesy, applied
geodesy, tectonics, seismology, paleomagnetics, and geology. It was a central
premise of the workshop that such a broadly cross-disciplinary approach was
necessary in order to characterize the full range of impacts of Adria motion as
well as to utilize all available tools for answering the remaining questions related
to Adria motion and Adria-related deformation. A conclusion of the workshop
was that there are indeed a number of unresolved questions and that future
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research utilizing a more unified approach — both interdisciplinary and
international — would have the best chance of resolving these questions.

SUMMARY OF CONTRIBUTIONS TO THIS VOLUME

This paper summarizes and synthesizes some of the major findings of
the Veszprém ARW on Adria. The large majority of the participants in the
workshop contributed papers to this volume, with the result that the major
technical background and results are presented in full detail in the subsequent
pages. As a general introduction to the book, we will begin with a brief
summary of the papers here and follow with a synthesis of the major themes and
findings. Contributions to this volume have been organized into the following
groups:

¢ Introduction and regional tectonic framework

* Geologic evidence of Adria motion

* Geodetic infrastructure and technology

* Geodetic measurements and geodynamics

+ Seismology, seismic hazard, and societal impacts of Adria tectonics

Introduction and Regional Tectonic Framework

In the first section of this book, three sets of authors synthesize regional
tectonic models of the Eastern Mediterranean and south-central Europe. In the
first paper, Stein and Sella review the Cenozoic tectonic history of the peri-
Adriatic region, with particular emphasis on previous studies that have
determined a rotation pole and/or GPS vector fields for the Adria microplate.
Stein and Sella suggest that slowing of the Tyrrhenian subduction since the
Pliocene, and the possible cessation of that subduction today, altered the
geometry and motion of Adria, with the Italian peninsula west of the Apennine
axis now moving with Europe. Stein and Sella conclude by highlighting several
open problems for future work, noting that the Eurasia-Africa convergence zone
is complex and has evolved rapidly over the geologically recent past.

Hollenstein et al. review the setting and tectonic history of Adria and
summarize their own GPS geodetic results across the Eurasia-Africa boundary
zone. They note that GPS shows that the Eurasian Plate, including Corsica and
Sardinia and extending to the southern margin of the Tyrrhenian Sea, is highly
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rigid and that Adria forms a kinematically distinct domain. They determine
strain and strain-rate fields in several areas, including through Sicily and
Calabria and in the Aegean region, and conclude that these patterns represent
preliminary steps towards fully understanding the detailed geodynamics of the
broader region.

Mantovani et al. present a detailed model of the Neogene-to-Quaternary
evolution and interactions of the Adriatic block. They address the contentious
question of whether Adria represents a rigid promontory linked to Africa or
whether it represents a truly independent microplate. The authors suggest that
Adria moved with Africa from the Permian until the middle Pliocene, at which
time it decoupled as a result of the westward push of the Anatolian system. In
support of this model, Mantovani and his coauthors assert that: 1) Adria
underwent a period of clockwise rotation during the Late Pliocene, and 2) the
Nubian Plate moves NNE-ward in the central Mediterranean (in contrast to the
northwesterly motion previously inferred by Dewey et al., 1989; DeMets et al.,
1990; Sella et al., 2002; and others). At the Veszprém workshop, the two
suggestions above generated substantial discussion.

Geologic Evidence on Adria Motion

The second group of papers in this volume present a range of geologic
data that constrain the past and present motion of Adria and Adria-related
deformation in the broader region. The first two papers in this group, by Marton
and Sagnotti, review paleomagnetic research from several locations around the
Adriatic region. Marton presents new results from three sets of peri-Adriatic
field areas: 1) the Adriatic foreland (Istria Peninsula, Colli Eugenei), 2) the
imbricated Adria margin (Venetian Alps, Mura depression, central Dalmatia),
and 3) the broader circum-Adriatic area (eastern Alps, Mura Depression,
northern Croatia). Tertiary-age counterclockwise rotations were identified in all
three of these field areas, leading Marton to conclude that this entire region lies
on a coherent Adria block, which has rotated counterclockwise during the
Cenozoic, and perhaps beginning in the latest Miocene to early Pliocene.
Sagnotti notes the same counterclockwise rotation throughout most of Italy,
including 20° of CCW rotation during the Plio-Pleistocene in the southern
Apennines. In contrast, Sagnotti notes clockwise rotation of Calabria and Sicily,
which he integrates into a “saloon door” model (see Fig. 4; Sagnotti, this
volume) in response to southeastward migration of Tyrrhenian subduction.

Two subsequent papers, by Piccardi et al. and Ferranti and Oldow,
explore neotectonic processes and geology in Italy. Piccardi et al. focus on
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recent fault activity in two sets of field areas: 1) along the axis of the Apennines

(Norcia, Fucino, Vallo di Diano, Val d’Agri), and 2) through the Gargano
peninsula. The authors document late Quaternary activity in all of the Apennine
study areas, generally consisting of normal and/or transtensional slip. In the
Gargano area, several distinct fault structures show Quaternary to even
Holocene activity, with cumulative slip of 0.8-0.9 mm/yr, although the authors
note that the system appears to terminate offshore to the east of the peninsula.
The paper by Ferranti and Oldow present a regional synthesis of Neogene to
Quaternary deformation through Italy based on locations of foredeep deposits
(horizontal displacements) and uplifted coastal terraces and other erosional
surfaces (vertical displacements). The horizontal deformation pattern through
the Apennines is dominated by the southeastward migration of paired belts of
foreland contraction and hinterland extension, which represents the inferred
rollback of the subducting Tyrrhenian slab previously noted, at an average rate
of about 16 mm/yr (6.3-1.3 Ma). Ferranti and Oldow interpret the vertical-
deformation pattern as showing late-stage uplift caused by a transition from thin-
skinned to thick-skinned deformation due to impingement of the thrust belt onto
thicker Apulian lithosphere of the Adria interior.

The remaining two papers in this section also focus on neotectonics, but
located in Albania (Aliaj) and Slovenia (Vrabec and Fodor). Aliaj notes that
Albania coincides with the transition from the Dinarides in the north to the
Hellenides in the south. Neotectonic activity within Albania varies markedly
from its “internal zone,” characterized by Pliocene-to-recent extensional
faulting, to its “external zone,” characterized by NE-SW-oriented compression
on folds and reverse and transpressional faults. Other distinct tectonic regions of
Albania include the peri-Adriatic foredeep and the largely undeformed offshore
foreland. Vrabec and Fodor explore the tectonic setting and Neogene to
Quaternary activity in Slovenia, at the northeast margin of Adria. Much of
Slovenia is dominated by transpressional to strike-slip tectonics. The so-called
Dinaric faults, which are NW-SE structures located in the northern Dinarides,
document recent to active dextral slip of up to several kilometres of cumulative
motion. The Periadriatic Fault Zone (PAF) is a regional dextral structure that
accommodated large-scale differential block motion during the Miocene
extrusion of the Eastern Alps (see discussion later in this paper), and this
structure appears to be active and regionally significant today, extending
eastward into Croatia along the Drava fault or others. Other areas with
geologically recent and/or on-going activity in Slovenia include the Sava Folds
and what Vrabec and Fodor dub the “shear lens” located between the PAF and
the Sava fault to the south.
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Geodetic Infrastructure and Technology

The third group of papers in this volume outline some of the geodetic
activities and infrastructure in several countries surrounding the Adriatic and in
the broader south-central European region. Stangl and Bruyninx review the
principles of determining site velocities using permanent GPS time series and
note several of the sources of error that may degrade the precision of site
determinations. Focusing on the needs of peri-Adriatic geodynamics, they note
that a key limitation is station distribution, which currently is insufficiently
dense and sub-optimally distributed for determining the detailed deformation
pattern in the region. The next paper, by Fejes, reviews the history,
composition, and operations of the Central European Geodynamical Reference
Network (CEGRN). The consortium which operates and supports CEGRN
currently consists of 14 partner institutions in 13 countries, and the network
consists (at the time of publication) of over 30 permanent GPS stations and over
30 additional regularly measured campaign sites arrayed from Italy eastward to
Bulgaria and northward to Poland and Germany. The paper by Mulic et al. (her
institution itself a member of the CEGRN Consortium) accomplishes two goals:
(1) it outlines the geologic and tectonic setting of Bosnia and Herzegovina (one
of the first such papers in English), and (2) the paper reviews the history and
status of geodynamical GPS in that country. Bosnia and Herzegovina straddles
the central Dinarides, with its geology and tectonics ranging from the imbricate
Adria margin in the southwest to the Inner Dinarides in the northeast, which
have a Neogene history more strongly linked to events in the Pannonian basin.
The country began systematic geodetic measurements for geodynamical
purposes in 1998.

The next paper in this group, by Marjanovic-Kavanagh, reviews a range
of ground-based geodetic techniques that are used for measurement of position
change. In addition, several sources of error and/or variability in these
measurements are discussed, including temperature change, changes in
atmospheric pressure and humidity, water-table variations, Earth tides, and the
effects of heterogeneities in local geology. Koler also discusses the use of
ground-based geodetic measurements.  Specifically, he reviews historical
levelling surveys that date back in Slovenia to the late 19" century as well as
modern, high-precision levelling techniques. Results of dense measurements of
vertical motion around Ljubljana and around the Slovenian nuclear power plant
at Krsko are highlighted. In the following paper, Odalovic reviews geodetic
activities in Serbia, focusing on a regional gravimetric survey used to construct a
national geoid map, accurate to about 10 cm. In the final paper of this section,
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Medak and Pribicevic describe 1997 and 2001 campaign surveys of a network of
43 stabilized sites surrounding Zagreb, Croatia. These GPS measurements were
processed using GAMIT software and revealed velocities that exceeded the
measurement uncertainties, suggesting possible near-field strain.

Geodetic Measurements and Geodynamics

The fourth group of papers are loosely grouped together based on their
focus on determining regional patterns and rates of deformation and/or plate
motion. Altiner et al. present the results of the CRODYN experiment, including
processed results from the experiment’s final campaign survey in 1998. The
CRODYN network consisted of 20 stations in 1994 located in Croatia, Italy, and
Slovenia, with 14 additional stations located in Albania and Bosnia and
Herzegovina for two subsequent campaigns in 1996 and 1998. Horizonatal
velocities are show relative to station GRAZ, a proxy for stable Europe.
Vertical velocities are also estimated, with all but 2 sites showing apparent uplift
(see Fig. 4; Altiner et al., this volume). The combined horizontal velocities,
including the 1998 CRODYN campaign, show a very consistent pattern of
northeastward motion relative to GRAZ, with velocities in the Dinarides
generally decreasing with distance away from the coast and a general trend of
increasing velocities to the south relative to the northern Adriatic.

Oldow and Ferranti also present geodynamical results of multiple
campaign GPS surveys. Their Peri-Tyrrhenian Geodetic Array (PTGA) consists
of 49 campaign sites in southern Italy, Sicily, and Sardinia. They combine the
results of the 1995, 1997, and 2000 PTGA campaigns with other publicly
available GPS results and with earthquake slip vectors to reiterate the model
presented in Oldow, 2002, in which Adria is subdivided into a northwestern and
a separate southeastern velocity domains separated at the Gargano-Dubrovnik
line. Regionally, Oldow and Ferranti identify a broadly arcuate contractional
domain which runs from the northwestern Adria block through the Calabrian arc
and then through parts of Sicily and the southernmost Tyrrhenian Sea, separating
extensional domains across the central Tyrrhenian basin and western Italy and
another such extensional domain in the southern Adriatic and lonian Seas.
Locally, Oldow and Ferranti observe that their GPS velocities in Sicily,
Calabria, and elsewhere are highly variable, which they interpret as highly
heterogeneous deformation of the upper crust, separated from the lower
lithosphere across a regional basal decollement system.

To the southeast, Delikaraoglou et al. discuss the tectonic setting and
results of their AEGEANET network through the Aegean and elsewhere in
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Greece. New GPS measurements also were combined with older
triangulation/trilateration measurements yielding velocities measured over times
spans of 40 years or more. The Aegean is extremely active relative to most
other areas reviewed in this volume, with high levels of seismicity and over 1 m
of north-south extension measured across the AEGEANET network.

Weber et al. present results from the Periadriatic-Istria Velocity
Observations (PIVO) experiment. The PIVO network included 35 campaign
sites located in northern Croatia and the Istria peninsula and elsewhere in
Slovenia, as well as a broader-aperture array of permanent GPS stations in the
surrounding region.  The Istria peninsula was considered a particularly
promising target for geodynamical measurements because it represents the
largest available onshore promontory extending into the interior of the
presumably stable Adria microplate.  Results presented here, based on
campaigns in 2001 and 2003, confirm the counterclockwise rotation observed by
previous workers, with a rotation pole shifted significantly from that inferred by
Ward (1994) and others, but relatively close to that of Anderson and Jackson
(1987). Weber et al. argue that these results confirm that Adria is not
fragmented at the latitude of the Gargano peninsula.

In the last paper of this group presenting the results of regional
geodynamical analyses, Grenerczy and Kenyeres present velocities derived from
the CEGRN network with particular emphasis on the motion of Adria and
propagation of this motion northeastward through the Dinarides and into the
Pannonian basin and the Carpathians. Grenerczy and Kenyeres document a
systematic rotation of Adria at a rate of —0.35 °/Myr, with velocities of 3.5-5
mm/yr in the south, 3-4 mm/yr in the central Adriatic, and 2.5-3.5 mm/yr in the
north. This motion is distinct from that of Nubia, tending to confirm Adria’s
status as a distinct microplate. Regionally, Grenerczy and Kenyeres document
2.3+£0.3 mm/yr of convergence in the Eastern Alps across a narrow deformation
zone; in contrast, the 2 mm/yr of shortening observed across the Dinarides
appears to span a diffuse deformation zone at least 360 km wide. An additional
1-1.5 mm/yr of Adria-related deformation “leaks” into the Pannonian basin,
although no active motion or deformation of the Carpathians can be resolved.

Seismology, Seismic Hazard, and Societal Impacts of Adria
Tectonics

The final group of papers in this volume include contributions focusing
on seismicity of the peri-Adriatic region, the related seismic hazard, and other
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implications of Adria motion for humans and human society. Thouvenot and
Fréchet present the results of 14 years of dense seismic monitoring in the
Western Alps and in the surrounding areas at the northwestern corner of the
Adria microplate. Extension oriented radial to the trend of the Western Alps is
widespread, including along the Briangonnais and Piedmont seismic trends.
This extension is interpreted as gravitational collapse or possibly buoyancy
forces operating within the range. To the west, focal mechanisms suggest
predominantly dextral slip on faults oriented parallel to the axis of the Western
Alps. This strike-slip activity is interpreted as a subtle form of tectonic
extrusion (see discussion below) in response to Adria motion and rotation.
Compressional seismicity is noted in the Padan arc, south of Turin, and in the
northern Ligurian Sea. The Padan arc is a zone of anomalously deep
hypocenters — down to 112 km — that remains enigmatic; the Ligurian Sea
earthquakes are more typically shallow, and Thouvenant and Fréchet relate this
E-W to NW-SE compression to Adria-driven “lateral expulsion” of the
southwestern Alps.

Mugo examines two seismic catalogues: ADRIA-1, a 500-year record of
felt earthquake, and ADRIA-2 a 40-year record of instrumental seismicity of
earthquakes down to about M2, both for the circum-Adriatic region. These
time-series of earthquake occurrence are analysed for spatial and temporal
patterns, in particular cross-correlation between events that may imply
triggering. Toth et al. also look at long-duration records of seismicity, in their
case using a database that includes events back to 456 A.D. recorded from the
northernmost Adriatic Sea eastward across the Pannonian basin and the
Carpathian chain. Historical earthquakes as well as instrumentally measured
events document that the highest levels of seismicity in the region are in the
Vrancea zone, in which three events greater than M6.5 have occurred since
1977. The Pannonian basin is less active, with an average recurrence time for
events M>6 of about 100 years. Téth et al. present a seismic-hazard map for the
greater Pannonian-Carpathian region, with contours of peak ground acceleration
calculated for a 10% exceedance probability and a 475-year return time, and
they note additional site-specific hazards such as liquefaction.

In the final paper of this volume, Bada et al. provide an important
overview of some of the applications and implications of Adria geodynamics on
human society, using specific example from the Pannonian region. They note
that on-going “Adria push” is most clearly manifested in the attenuated crust of
the Pannonian basin as differential vertical motion. This vertical deformation
has concrete applications for a broad range of issues, including slope stability,
soil erosion, flood hazard, earthquake hazard, water resources management, and
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hydrocarbon occurrence. Bada et al. provide detailed analyses of the impacts of
Adria-driven geodynamics on Pannonian fluvial systems and flooding, seismic
hazard in the region, and petroleum resources. In terms of flooding, tectonically
driven subsidence creates areas of low relief and elevated flood hazard. Looking
at earthquake activity, Bada et al. note that the Pannonian region is characterized
by “low- to medium-level seismicity,” but that special threats exist for the
several large cities in the region (e.g., Vienna, Bratislava, Budapest, Trieste,
Ljubljana, and Zagreb) that are situated on or adjacent to active or potentially
active faults. Seven nuclear power plants (Fig. 7, Table 1, Bada et al., this
volume) also are located across this region. Lastly, Bada et al. enumerate the
processes by which Adria-driven tectonics — in this case, Plio-Pleistocene uplift
and inversion of Pannonian basin structures — have driven hydrocarbon
maturation and migration and constructed most of the traps, thus generating and
explaining the occurrence of hydrocarbon resources exploited within the
Pannonian basin region today.

SYNTHESIS OF RECENT ADRIA RESEARCH

After reviewing the contributions to this volume in the previous section,
we will presume to synthesize the results presented in this volume as well as the
previous literature on Adria motion and the geodynamics of the peri-Adriatic
region. This section includes the conclusions of a series of “breakout” sessions
convened on the last day of the Veszprém ARW. Although not every attendee
may agree with every point presented here, a consensus emerged regarding
several aspects of Adria research. In contrast, several other questions clearly
remain unresolved and represent promising avenues for future research.

Adria as a Promontory of Africa or Independent Microplate?

Perhaps the oldest tectonic debate in the Adriatic arena is whether the
Adria “lithospheric unit” represents a rigid promontory of Africa or whether it is
moving independently as a separate microplate (e.g., Argand, 1924; Zijderveld
et al.,, 1970; McKenzie, 1972; Hsii, 1977, Channel and Horvath, 1976;
Anderson, 1987; Anderson and Jackson, 1987; Mantovani et al., 1990; Channel,
1996; Nocquet et al., 2001; Muttoni et al., 2001). Although a range of opinions
can still be found on this question, one area of increasingly clear agreement
emerges from the recent literature (Anderson and Jackson, 1987; Westaway,
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1990; Ward, 1994; Calais et al., 2002; Oldow et al., 2002; Battaglia et al., 2004)
and from the Veszprém meeting and this volume (Oldow and Ferranti, Weber et
al., Grenerczy and Kenyeres, this volume) — virtually all of the new regional
GPS measurements on Adria have concluded that parts or all of the Adria unit
are moving distinctly from both Nubia and Eurasia.

~50" 1l5,: I T
Eyrasia
Tfixed)

20° 257

Velocities in the Adria region

2 Grenerczy, and Kenyeres

2mMT g attaglia etal, 2004 and
»  Serpelloni et al, 2001

Velocities of Nubr:a
1 NUVEL-1A EU-AF
2 McClusky etal., 2003 EU-NU|
3 REVEL-IT97-2000 EU-NU

¥ Nubia

Figure 1. GPS velocities in the Adria region with reference to stable Eurasia and their 95%
confidence level together with the velocities of Nubia with reference to Eurasia inferred from

global plate motion models NUVEL-1A after De Mets et al., 1994 and REVEL after Sella et al.,
2002.

In Fig. 1, crustal velocities obtained from the European Reference
Network, Central European GPS Geodynamic Reference Network and local
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GPS networks are shown with reference to fixed Eurasia together with their

confidence limits (after Serpelloni et al., 2003; Battaglia et al., 2004; Grenerczy
and Kenyeres, this volume). A first observation is that all of the stations in the

represented parts of the Adria region show significant velocities relative to
stable Eurasia. Without exception, each of the velocities is oriented to the NNE.
The significant 2.5-4.5 mm/yr, NNE-oriented velocities with reference to fixed
Eurasia are largely uniform throughout the Adria region, supporting the
kinematic independence of the Adria region from Eurasia. The velocities of
Nubia relative to fixed Eurasia near Adria compared to the GPS velocities in the
Adria region also show significant differences in both orientation and
magnitude. If Adria itself or any part belonged to Nubia, the velocities would be
larger and oriented to the NW; instead there is a ~60-70° difference in
orientation and 1-3 mm/yr difference in magnitude between the velocities
observed in the Adria region and the predicted velocities of Nubia from the
GPS-based global plate motion models relative to Eurasia.

One caveat to the conclusion above, however, is voiced by Mantovani et
al. (this volume) — that defining Adria kinematically and distinguishing it from
Nubia by pointing to the statistically significant difference in velocities assumes
that the motion of each unit has been fully and accurately quantified. A broad
body of data have been used to characterize Africa/Nubia motion (e.g., Dewey,
1989; DeMets et al., 1990; Sella et al., 2002), but it is true that GPS sites —
particularly permanent GPS stations — are relatively sparse and sub-optimally
distributed across the African continent. In the case of Adria, independent
geologic evidence points to a long-term pattern of motion separate from Africa
(e.g., Marton et al., 2003; Marton, this volume, and references therein), but a
better constrained GPS solution for the motion of Nubia and the other areas of
Africa would certainly be a desirable goal for a broad range of applications.

Boundaries and Fragmentation of Adria

Closely related to the debate above is the question of identifying the
boundaries of Adria, including any internal boundaries that would define
whether Adria is fragmented or rather whether acts as a larger coherent unit.
Although there appears to be convergence regarding the existence and nature of
the Adria microplate, there is wide divergence of opinion on how exactly this
microplate should be drawn on a map. As a starting point, Adria can be
generally delineated using the distribution of earthquake epicentres (see for
example McKenzie, 1972; Anderson and Jackson, 1987). North of the Adriatic
Sea, earthquakes and geologic structures define a general trend running through
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the Central Alps and parallel with the northern margin of the Po plain.
Compressional focal mechanisms, and compressional geological structures, in
this area are consistent with continued impingement of Adria into the southern
margin of stable Europe at a rate that has been geodetically estimated at 2.3+0.3
mm/yr (Grenerczy and Kenyeres, this volume), and there seems to be the
greatest degree of agreement regarding the nature and location of this northern
boundary.

The western boundary of Adria, running southeastward through the
Italian peninsula, is less clear. Earthquake epicentres are concentrated along the
axis of the northern and southern Apennines (e.g., Chiarabba et al., 2005), and
several workers have drawn their western boundary of Adria along the axis of
the range (e.g., Anderson and Jackson, 1987). Other authors appear to favor a
boundary coincident with the easternmost position of the Appeninic frontal
thrust (e.g., Rosenbaum and Lister, 2004). In support of either one or the other
of these interpretations, Stein and Sella (this volume) see Italy west of the
Apennines moving with Eurasia. In contrast, Oldow et al. (2002) suggest that
the northern Apennines may be wholly embedded within a coherent
Northwestern Adria-Tyrrhenian lithospheric unit (also see the discussion of
Adria fragmentation below). Weber et al. (this volume) note a related issue,
questioning whether or not extensional faults along the Apennines are
lithospheric in scale, and whether this extension is consistent with relative plate
motion or merely with gravitational collapse. Similar questions could also be
raised in the Western Alps, where the Penninic Front thrust boundary now is
marked by dominantly extensional earthquakes (Thouvenant and Fréchet, this
volume).

The eastern boundary of Adria also remains somewhat enigmatic.
Although the regional state of stress along the western margin of the Adriatic
Sea clearly is transpressional, consistent with GPS-measured and geologically
determined motion of Adria relative to the Dinarides and the European Platform,
drawing a discrete line on a map is a difficult task. Aliaj (this volume) notes a
well defined foredeep and a discrete frontal thrust interpreted in seismic-
reflection profiles off the coast of Albania, but an alternative viewpoint is that
these features may date partially or entirely to ancestral convergence along the
eastern margin of Adria and may not fully characterize the motion now active or
active in geologically recent time. To the north, in Slovenia, the detailed
neotectonic mapping and analyses of Vrabec and Fodor (this volume) shows that
none of the faults near the Adriatic coast nor into the Dinarides accommodates
all of the relative motion between Adria and the European Platform. The
Periadriatic fault zone, which may have accommodated as much as 550 km of
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dextral slip since the Oligocene (Tari, 1994; Fodor et al., 1998; see discussion of
extrusion below), appears to be active (Weber et al., this volume) but does not
appear to take up more than a portion of the total motion. Analyzing regional
GPS data from Adria across the Dinarides to the European Platform, Grenerczy
and Kenyeres (this volume) see roughly 2 mm/yr of shortening distributed over a
deformation zone approximately 360 km wide, with an additional 1.0-1.5 mm/yr
of slip transferred farther in-board and through the Pannonian basin. This model
is consistent with the pattern of seismicity, with high levels along the Adriatic
coast and the Dinarides, but with activity that broadly diminishes to the
northeast (Bada et al., Téth et al, this volume).

As previously noted, there is the least degree of agreement regarding the
nature and location of the southern margin of Adria. The range of opinions on
this question begins with the authors who maintain that Adria is promontory of
Africa and therefore has no southern boundary. Among the other papers that do
infer motion between Adria and Africa, boundaries that have been suggested
include: the Kefallinia fault zone and/or the Apulia escarpment (e.g., Battaglia et
al., 2004; Mantovani et al., 2002), the Straits of Otranto (e.g., Anderson, 1987;
Ward, 1994), the Gargano-Dubrovnik line (e.g., Stein and Sella, this volume),
and along the Ortona-Roccamonfina and Anzio-Ancona lines (Oldow et al.,
2002). The location of this boundary, the slip rate across it, and the absolute
motions of the blocks separated by such a boundary are the issues upon which
turn the question of the fragmentation of Adria, with explicitly differing views
outlined by Weber (this volume) and Oldow et al. (2002) and Oldow and
Ferranti (this volume). An extreme view of the fragmentation of Adria was
presented by Nocquet et al. (2001), who found GPS velocity residuals consistent
with pervasive internal deformation of Adria. Ferranti and Oldow (this volume)
and Oldow and Ferranti (this volume) suggest a similar explanation to explain
the high degree of variability in GPS and earthquake slip vectors across Italy.

Adria Push and Tectonic Extrusion

One of the themes discussed extensively during the Veszprém workshop
was Adria-driven extrusion, including well documented lateral extrusion during
the Tertiary and possible on-going extrusion in one or more areas of the peri-
Adriatic region. Lateral extrusion of the Eastern Alps in response to progressive
northward motion of Adria (or “Apulia”) was proposed by Ratchbacher (1991a;
1991b), who used the term roughly synonymously with “tectonic escape” (Burke
and Sengoér, 1986) and “tectonic extrusion” (Tapponnier et al., 1986).
Ratchbacher proposed that extrusion of the Eastern Alps probably began in the
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Oligocene and culminated in the Miocene and was manifested by a transition
from continuing compression in the central portions of the range, to extensional
deformation on the eastern flanks of the Alps, to long-travelled strike-slip
faulting into what is now the Pannonian basin and the Carpathians (Ratshbacher,
1991b). In this model, conditions that favored this episode of extrusion
included: the northward motion of Adria during this time, a strong foreland
buttress (the European Platform), an unconstrained eastern boundary, and
overthickened crust that was subsequently thermally weakened and became
gravitationally unstable (Ratchbacher, 1991a).  Subsequent models have
emphasized the third point above, that the most rapid extrusion in the Eastern
Alps may have coincided with slab roll-back in the Carpathians and rapid
foundering of the Pannonian basin (Horvath and Cloetingh, 1996). According to
this model, Carpathian subduction-hinge retreat created accommodation space
that allowed the lateral escape of the Eastern Alps. Along these lines, the end of
Carpathian subduction at 5-6 Ma (Horvath and Cloetingh, 1996; Fodor et al.,
1998) ended the generation of this accommodation space and thus blocked
further escape to the northeast of the Adria indentor (Horvath and Cloetingh,
1996; Vrabec and Fodor, this volume; F. Horvath, oral presentation at the
Veszprém ARW).

Another major question regarding Adria-driven lateral extrusion is to
what extent this process is continuing today. In the areas to the northeast of the
Adria block, which were most strongly affected by past episode(s) of tectonic
extrusion, several authors interpret the patterns of recent and active faulting and
GPS measurements of deformation as evidence that modest lateral escape has
continued up to and including the present (Bada et al., Grenerczy and Kenyeres,
Vrabec and Fodor, Weber et al., this volume; F. Horvath, oral presentation at the
Veszprém ARW). Although extrusion-related rates of fault slip and regional
deformation clearly are much slower today than during periods of
peak activity in the Tertiary, the pattern of deformation appears roughly
similar. In explaining this sharp contrast in rates, it may be important to note
that large-scale tectonic extrusion is often seen as the combined effects of
horizontal translation in front of a rigid indentor as well as the result of
gravitational instability of the overthickened core of the orogen (e.g.,
Ratchbacher, 1991a). It is plausible that the on-going northward motion of
Adria continues to act as an indentor, but rates of strike-slip faulting and other
deformation have been reduced both by the lack of accommodation space to the
east as well as by reduced gravitational potential in the Eastern Alps. In possible
contrast to the Eastern Alps, however, Thouvenant and Fréchet (this volume)
favor active gravitational collapse as explanation for the modern state of stress
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the Western Alps. Thouvenant and Fréchet present a regionally consistent
model of active extrusion at the northwest corner of Adria, with gravitational
collapse documented by active extension radial to the range — a pattern of
deformation corroborated by GPS (Nocquet et al., 2001) — and active indentor-
driven escape suggested by strike-slip and transpressional deformation in the
West Alpine foreland into the northern Ligurian Sea.

CONCLUSIONS

This volume brings together contributions from a group of researchers
that is both international — including every nationality in the peri-Adriatic rim —
and broadly interdisciplinary. Disciplines represented here include GPS
geodesy, tectonics, structural geology, paleomagnetism, seismology, and
tectonic geomorphology. Papers are grouped together into five major themes:
(1) Introduction and regional tectonic framework; (2) Geologic evidence of
Adria motion; (3) Geodetic infrastructure and technology; (4) Geodetic
measurements and geodynamics; and (5) Seismology, seismic hazard, and
societal impacts of Adria tectonics. Together this volume represents the first
major scientific compilation focused entirely on Adriatic regional tectonics and
the geological and broader implications of Adria motion.

From the papers in this volume, from the discussion in break-out
sessions at the conclusion of the Veszprém ARW, and from the broader body of
literature and research in the tectonics of south-central Europe, several areas of
consensus seem to be emerging along with several unresolved questions that
should be addressed in future research. First among the areas of consensus is the
observation that recent geodetic studies almost universally conclude that the
Adriatic lithospheric unit currently is moving independent of both Eurasia and
Africa/Nubia. An important caveat to this statement is that the motion of Nubia
remains imperfectly constrained, and a better distribution and density of GPS
measurements across Africa in the future would serve a broad range of
applications. Far less agreement can be found regarding the precise locations of
the boundaries of Adria. Although the Adriatic Sea is generally surrounded by
compressional faults and earthquake focal mechanisms to the north, extension
along the axis of the Apennines, and transpressional deformation in the
Dinarides, regional maps drawn by different workers document a surprisingly
wide range of different opinions delineating the margins of Adria. To the
northeast, for example, several faults and fault systems may have acted as
discrete plate boundaries in the geological past, but current deformation appears
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to be distributed over a broad microplate-boundary zone up to several hundred
kilometers wide.

The region to the northeast of Adria, encompassing the Eastern Alps, the
northern Dinarides, the Pannonian basin, experienced one or more episodes of
lateral extrusion during the Tertiary. The continuing motion of Adria appears to
be driving active, albeit slower extrusional processes today. Similar sets of
processes also may be active around the northwestern corner of Adria, in the
Western Alps, Western Alpine foreland, and the northern Ligurian Sea. In
addition to the questions regarding the locations and nature of the boundaries of
Adria, there is heated debate regarding internal boundaries and deformation
within the Adriatic region. Although Adria was originally defined as a core of
low seismicity relative to its external boundaries, a fair number of earthquakes
do occur across the interior of the Adriatic. This internal seismicity, along with
variations in GPS vectors across the region have led to several different —
generally mutually exclusive — models in which Adria is internally fragmented
across one or more proposed internal boundaries or perhaps even pervasively
deforming.

This overview of the current status of Adria-related research shows that
there is tremendous potential for future research, in particular work involving
international and cross-disciplinary cooperation. In the peri-Adriatic region, a
large quantity of GPS and other geodetic measurements have been made over
past years, but a dense regional solution has not yet been produced. This can
be explained at least partly by the fragmentation of previous geodetic efforts,
which have been conducted without the regionally coordinated
measurements focused on the Adriatic or the internationally coordinated
analysis which would be required to fuse independent campaign networks
into a seamless velocity solution at the plate-boundary scale. Such a dense,
regional geodynamical picture of south-central Europe and the Eastern
Mediterranean would have both theoretical scientific benefits as well as
applications to a number of socially significant issues. As outlined by Bada
et al. and others (this volume), Adria motion controls the pattern and level of
seismic and other geological hazards as well as the occurrence and nature of
a range of natural resources such as hydrocarbons. Break-out sessions and a
panel discussion that concluded the Veszprém ARW suggested that future
research activities should include both specific bi-lateral projects (e.g.,
Italian-Albanian) that cross national boundaries as well as perhaps one or
more truly multi-national cooperative research projects that fully span the
peri-Adriatic region.
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"Deciphering the sequence of tectonic events in this region can be likened to
attempting to reconstruct the pictures in a stack of jigsaw puzzles when 90%
of the pieces are missing and the remaining 10% are no longer in their
original shape."

Morris and Tarling, 1996

ABSTRACT

Discussions about the Adria microplate offer differing views depending on the
timescale and data considered. Neotectonic studies using earthquake mechanisms and GPS site
velocities find Adria moving northeastward away from Italy, bounded by an extensional
boundary in the Apennines and convergent boundaries in the Dinarides and Venetian Alps.
However, geologic data show that Adria was subducting southwestward beneath Italy during
Mio-Pliocene time. We suggest that these views are consistent and reflect the recent spatio-
temporal evolution of a multiplate system. We assume that during Mio-Pliocene time, Adria
was no longer part of Africa and had become an independent microplate. Convergence
occurred as Adria moved northeastward with respect to Eurasia as at present, because the faster
back-arc spreading in the Tyrrhenian Sea caused Adria to move southwestward with respect to
Italy. The transition from convergence to extension in the Apennines during the past 2 My
resulted from the cessation of subduction in the Apennines accompanied by breakoff of the
subducting Adria slab, and the associated cessation of back-arc spreading in the Tyrrhenian
Sea. As a result, western Italy became part of Eurasia, and Adria's northeastward motion
produced a new extensional boundary along the Apennines.

INTRODUCTION

Considerable attention, illustrated by the papers in this volume, has
been directed over the years to assessing the present and past tectonics of the
circum-Adriatic region (Figure 1). Essentially the question is how crustal
blocks in the area have moved during the complex and on-going collision of
the African and Eurasian plates, which is thought to have begun in Cretaceous
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time and has built the present Alpine mountain belt (Dewey et al., 1989). The
boundary zone between the two major plates appears to have involved a
number of distinct blocks that have moved — and still do — as coherent entities
distinct from the two major plates. One important question is whether the
Adria region behaves at present and in the past as part of Eurasia, a distinct
microplate, or as a promontory of Africa. At present, the latter possibility is
posed in terms of Adria being distinct from Nubia (Africa west of the East
African Rift, along which Africa began splitting 15-35 Ma). Views on this
issue depend on the assumed extent of the region defined as Adria, and the
time and data types considered.

{q . i g l. Y .
£2uly;, Strait of 1 &0/ ]
" gOtranto ,9"-&‘ 7

Figure 1. Geography of the circum-Adriatic region. Dashed line denotes approximate boundary
of present Adria microplate.
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NEOTECTONIC VIEW

Not surprisingly, the issue is most directly addressed for the present,
where crustal motions are directly observed (Figure 2). Anderson and Jackson
(1987a) and Anderson (1987) noted lower levels of seismicity in the Adriatic
Sea and eastern Italy relative to their surroundings, and proposed that this
region acted as an Adria microplate. In their model Adria rotates with respect
to Eurasia about a pole in the northern Po plain. Hence earthquakes in the
Apennines, which show dominantly but not exclusively normal faulting,
reflect extension between western Italy south of the Po plain (presently
considered to be part of Eurasia) and Adria, whereas the thrust faulting
mechanisms in the Dinarides and Venetian Alps reflect Adria-Eurasia
convergence. The pole's proximity to the microplate illustrates a common
pattern for microplates in the boundary zone between major plates, in which
the pole for the relative motion between the major plates is far away, so
motion between them varies slowly along the boundary, whereas those for the
microplate's motion with respect to the major plates are nearby and so
describe rapidly varying motion (Engeln et al., 1988).

This basic picture has been confirmed by GPS data (Calais et al.,
2002; Battaglia et al., 2004; Weber et al., this volume). Continuous GPS
(CGPS) sites MATE and MEDI show eastern Italy moving northeast relative
to stable Eurasia. This motion is essentially perpendicular to the direction of
Nubia's motion with respect to Eurasia shown by global plate motion models
(DeMets et al., 1994) or space geodetic data (Sella et al., 2002; Grenerczy and
Kenyeres, this volume; Kahle, this volume), as illustrated by the motion of
site LAMP. Interestingly, the space geodetic data show slower motion than
predicted by the NUVEL-1A model. Although the difference may reflect
weaknesses in NUVEL-1A, which averages motion over the past 3 Ma, it may
also represent real slowing.

Statistical tests (Battaglia et al., 2004) show that the improved fit to
the GPS data, resulting from the assumption of an Adria microplate distinct
from Nubia, exceeds that expected purely by chance due to the introduction of
the three additional parameters associated with an additional Euler vector
(Stein and Gordon, 1984), so the microplate and its general motion are
kinematically resolved. However, its boundary geometry remains under
investigation. Due to the presence of extensional earthquakes in the southern
Apennines, Anderson (1987) and Ward (1994) draw the southern boundary
with Nubia at the Strait of Otranto, although there is little seismicity along
this presumed boundary. In contrast, Calais et al. (2002) favor a similar
geometry but suggest that the southern boundary is further north and extends
seaward from the Gargano peninsula to Dubrovnik, as implied by a zone of
seismicity (Console et al., 1993). Battaglia et al. (2004) favor a similar
geometry but add a second microplate to the south separated from Nubia
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along the Apulia escarpment and Kefallinia fault. In contrast, Oldow et al.
(2002) favor two Adria microplates, with northern and central Italy and the
Tyrrhenian Sea on the northern one, such that the northern Apennines are not
a plate boundary.

2% Eurasia

Figure 2. Neotectonics of
the circum-Adriatic
region. Top: selected
earthquake mechanisms
from Harvard CMT
catalog. Plate boundaries
are illustrative, because
the precise geometry
remains unresolved.
Dashed lines indicate
some of the proposed
southern boundaries of
the Adria microplate.
Star and hexagon are
46 Adria-Eurasia pole
locations from Anderson
- TORI SR and Jackson (1987a) and
Calais et al. (2002).
) Bottom: motion of CGPS
RSN sites  with respect to
. Eurasia. Error ellipses are
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As the papers in this volume illustrate, the steady accumulation of
GPS data at more sites spanning longer time series (and hence yielding more
precise velocities) is likely to significantly advance understanding of the
motion and boundary geometry of Adria. For example, the fact that sites
TORI, GENO, AJAC, and CAGL have no significant motion with respect to
Eurasia suggests that they are not part of a distinct Adria. The discrepancy
between NOTO/NOT1 and LAMP suggests that Sicily may not be part of
Nubia.

GEOLOGIC VIEW

Geologic studies offer a seemingly different view (Figures 3, 4).
Beginning in Miocene time, Adria subducted westward beneath Italy, forming
the Apennines as the northwestern-trending segment of an arcuate thrust belt
that extends through Calabria to Sicily (Royden et al., 1987). The arc evolved
in association with the opening of the Tyrrhenian Sea beginning about 15 Ma,
which is interpreted as back-arc spreading associated with retrograde
(rollback) motion of the Adria slab (Malinverno and Ryan, 1986; Rosenbaum
and Lister, 2004). As subduction migrated eastward, Italy rotated
counterclockwise with respect to Eurasia, as shown by paleomagnetic data.
Hence, during this time, a western Italy microplate moved independently from
Eurasia.

Figure 3. Inferred post-15
Ma  evolution of the
magmatic arc, shown by
isochrones in Ma, associated
with  opening of the
Tyrrhenian Sea and rollback
motion of the Adria slab. As
subduction migrated
eastward, western Italy (wlt)
rotated counterclockwise
with respect to Eurasia, as
shown by paleomagnetic
data north of the 41 parallel
strike-slip fault zone. (After
Rosenbaum and  Lister,
2004)
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Figure 4. Schematic evolution of the Tyrrhenian Sea and Apennine arc. In this modification of
Malinverno’s and Ryan’s (1986) scenario, subduction and back-arc spreading ceased within the
past 2 My, making Italy west of the Apennines part of Eurasia (Eu). Adria (Ad) motion then
caused a shift from convergence to extension in the Apennines.

This subduction, however, has been slowing since Pliocene time. At
present, earthquakes deeper than about 200 km below the Tyrrhenian Sea
occur only in the Sicily-Calabria portion of the arc, suggesting that active
subduction beneath the Apennines has ceased (Anderson and Jackson, 1987b).
Convergence is indicated by the thrust-fault mechanisms north of Sicily, and
by GPS data (Figure 2) showing Sicily moving northwestward with respect to
Eurasia (Grenerczy and Kenyeres, this volume; Kahle, this volume). A similar
view emerges from seismic tomography that shows a high-velocity slab
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extending to the surface only below Calabria (Wortel and Spakman, 2000).
Wortel and Spakman (2000) interpret the slab geometry as a consequence of
progressive slab detachment, beginning about 8 Ma in the northern
Apennines, which has by now detached the slab except in Calabria (Figure 5).
The slab detachment hypothesis remains under discussion, largely owing to
differences between the results of tomographic studies (Lucente et al., 1999).
However, there is general agreement that subduction along the Apennines has
either stopped or is near its end, whether because of slab detachment or
because oceanic crust in the Adriatic has been subducted, leaving only
unsubductable continental crust (Lucente et al., 1999). Similarly, the
extension in the northern Tyrrhenian Sea is thought to have stopped, although
it may continue in the south (Rosenbaum and Lister, 2004).

N
T——
Increased pull
and arc rotation
Inflow of
Asthenosphere

Continental
Lithosphere

Migration of
tear

Figure 5. Slab detachment model of Wortel and Spakman (2000), shown for the case where
detachment of the Adria slab begins in the north and propagates southward.
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TRANSITION IN PLATE MOTIONS

We suggest that the ending of subduction, slab detachment, and
spreading in the northern Tyrrhenian Sea gave rise to a change in regional
plate motions that explains the Pleistocene shift from convergence to
extension in the Apennines. This scenario is summarized in Figure 4, which
modifies the sequence proposed by Malinverno and Ryan (1986). We regard
their "present" geometry as somewhat older, perhaps 2 Ma, and assume that
subduction and back-arc spreading are no longer occurring. Hence Italy west
of the Apennines now moves as part of Eurasia rather than as a distinct block.
Adria now moves northeastward with respect to FEurasia, making the
Apennines an extensional boundary between Adria and western Italy, now
Eurasia. Initiation of this boundary is indicated by the 0.8 Ma change from
compression to extension in the Apennines (Bertotti et al., 1997; Piccardi et
al., 1999), and its present nature is indicated by active faulting and extensional
earthquake mechanisms. (Although our interpretation is that the extensional
events illustrate a divergent plate boundary, they can also be interpreted as
back-arc extension above on-going subduction (Frepoli and Amato, 1997).)

How this transition might have taken place depends on the relative
plate motions at the time, which are essentially unknown. Figure 6 illustrates
hypothetical linear velocities with respect to Eurasia at a point in the
Apennines located at 43°N, 13°E. Africa-Eurasia motion (7.5 mm/yr at
N27°W) is illustrated by that predicted by NUVEL-1A (DeMets et al., 1994),
which gives an average over the past 3 My. Adria-Eurasia motion (3.5 mm/yr
at N36°E) is illustrated by the present motion derived from GPS site velocities
by Calais et al. (2002). Absent magnetic anomaly data in the Tyrrhenian Sea,
we crudely estimate a western Italy-Eurasia motion of 13 mm/yr at N40°E
from the motion of the northern Apennine magmatic arc over the past 3 My
(Rosenbaum and Lister, 2004).

western

Africa .-
S Italy

Adria

Eurasia
Figure 6. Linear velocity vectors for possible Adria, western Italy, and Africa plate motions
with respect to Eurasia prior to the change in plate motions within the past 2 My.
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Comparing these velocities is at best schematic, given both their
individual uncertainties and the fact that they span different time periods.
Even so, the velocities allow us to explore how the transition in plate motion
may have occurred.

For simplicity, we assume that Adria already existed as an
independent microplate, whose motion with respect to Eurasia was similar to
the present motion. In this case, as a result of the difference in northeastward
motion rates, Adria moved southwestward at about 10 mm/yr with respect to
western Italy, causing convergence beneath the Apennines. Once subduction
and back-arc opening ceased, western Italy moved as part of Eurasia, and the
Apennines became an extensional Adria-Eurasia boundary.

DISCUSSION

The transition in plate geometry we suggest is a simple approach to
reconciling two different views of Adria's behavior each emerging from
different data over different times. This transition is a plausible consequence
of a widely assumed change in the geometry of subduction and back-arc
spreading. How the transition occurred depends on the nature of Adria and its
surroundings before the transition.

For this issue, the past plate geometry on Adria’s eastern boundary is
crucial. The Dinarides are thought to have formed by eastward subduction of
Adria prior to the Late Eocene (Pamic et al., 2002ab), after which
convergence slowed as a consequence of slab break-off. Possible evidence for
slab break-off comes from the absence of deep- or intermediate-depth
earthquakes beneath the Dinarides, which argues against a continuous
subducting Adriatic slab. Resolving the presence or absence of a high-velocity
slab has been a challenge for tomographic studies. Initial studies showed a
high-velocity anomaly ringing the Adriatic on both sides at about 250 km
depth that did not extend to the surface, as shown in de Boorder et al. (1998).
Subsequent studies find this anomaly smaller, as shown in Carminati et al.
(1998) or absent (Marone et al., 2004). Post-Eocene deformation included
right-lateral motion (Picha, 2002).

Figure 7 shows a schematic scenario for how Adria and its
surroundings may have evolved over the past 30 My. Initially, we assume
that Adria was part of Africa (soon to be Nubia), consistent with
paleomagnetic (Channell, 1996) and paleontologic (Bosellini, 2002) data that
are interpreted as showing that in the Cretaceous Adria was not distinct from
Africa, whereas it clearly is today. (A contrary view is that Adria has been
independent since the Cretaceous (Platt et al., 1989).)
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Figure 7. Schematic scenario for how Adria and its surroundings may have evolved over the

THE ADRIA MICROPLATE

Adria (perhaps part  of
Africa/Nubia) subducting beneath
the Dinarides. Slab begins
tearing. Open triangles indicate
detached slab. Velocities (thick
arrows) are shown with respect to
Eurasia.

Subduction of Adria beneath
western Italy (wlIt) begins,
forming the Apennines. Extension
results from back arc spreading in
the Tyrrhenian sea. Slab beneath
the Dinarides keeps tearing.

Nubia changes direction to NNW.
Adria moves NE yielding a zone
of deformation on its southern
boundary.  Extension in the
Tyrrhenian sea increases in the
south, wiT rotates CCW, and the
subducting slab beneath the
Apennines begins to tear.

Slab beneath Apennines torn all
the way to Calabria. Extension in
the Tyrrhenian sea slows.

Tyrrhenian sea extension stopped,
making western Italy part of
Eurasia. Adria moves as a rigid
plate north of the Gargano-
Dubrovnic seismic zone (GDSZ).
Extension occurs along the
Apennines and slow convergence
continues on the eastern boundary

past 30 My.
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Hence, at some point during the complex history of Africa-Eurasia
convergence, Adria began to move independently. In the Miocene, subduction
began beneath the Apennines, causing back arc extension in the Tyrrhenian
Sea. A combination of the effects of the new western boundary and slab
detachment in the east (beginning at the southern end) slowed Adria-Eurasia
convergence and changed its direction, causing strike-slip motion along
Adria’s eastern boundary. Although Adria may have become distinct from
Nubia at this time, we suspect that it occurred later. At about 8 Ma, Adria
separated as a consequence of Nubia’s change to its present northwestward
motion with respect to Eurasia (Dewey et al., 1989). Hence Adria preserved
northeastward motion even though Africa's motion changed. A broad
deformation zone, coinciding with the already-thinned crust of the Ionian Sea
(Catalano et al., 2001), marked the new Nubia-Adria boundary zone, which
remains ill-defined today. At about the same time, progressive slab
detachment began in the northern Apennines. Eventually, detachment
extended south to Calabria, ending back-arc spreading in the Tyrrhenian Sea
and making western Italy part of Eurasia.

This scenario is, of course, speculative. However, we think it offers
useful insights into the evolution of Adria and its eastern and western
boundaries, which need to be considered simultaneously. Testing these ideas
and moving beyond them involves several possible lines of research. First, it
is crucial to understand how motion varied around Adria as a function of time.
At present, because of the nearby Adria-Eurasia pole, these motions change
rapidly along strike. Hence it would be important to understand these motions
at least for the past 15 My. For example, the focal mechanisms show present
convergence in the Dinarides, and the pole position implies strike slip further
to the north. Geologic evidence could help test whether the past motions were
similar. There has also been extensive discussion in the paleomagnetic
literature about rotations in the circum-Adriatic area, including both regions
considered to be part of present Adria and regions surrounding it (Channell,
1996; Marton et al., 2002). As noted by the paper's epigram, these data can
help establish at what time Adria became an independent entity, and how its
motion both before and after this time affected its surroundings.

A particularly crucial issue is to understand the geometry of Adria's
boundaries and the relation of Adria both at present and in the past to the
African (now Nubian) Plate. At present, as noted earlier, it is unclear where
Adria ends to the south and Nubia begins. For example, the motions of MEDI
and MATE are discordant. It seems likely that Calabria, Apulia, and eastern
Sicily are not part of Adria, but instead are blocks distinct from both Adria
and Nubia. Although present convergence is often assumed to occur south of
Sicily, the thrust fault mechanisms north of Sicily imply that some
convergence occurs there at present. However, GPS data show that the motion
of site NOTO in southern Sicily is somewhat discrepant from that of LAMP,
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on the Nubian Plate. How and when this geometry developed is a crucial
question, and presumably reflects the complex history of both the subduction
geometry and the larger-scale complex history of Africa-Eurasia motion.
Understanding these kinematic issues would give important insight into the
complex dynamics of this multi-plate system's evolution.

In summary, Adria and its surroundings illustrate that, although
Africa-Eurasia convergence has been going for a very long time, the boundary
zone between these two major plates remains complex and rapidly evolving.
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ABSTRACT

The Adriatic microplate forms the central part of the Alpine-Mediterranean plate
boundary area located between the African and Eurasian Plates. The Eurasia/Africa collision is
closely related to continental subduction. Superimposed on the relatively slow
counterclockwise rotation of the African Plate, complex dynamic processes affect lithospheric
blocks between the two major plates. Seismic results indicate the presence of subducted
lithosphere below the Alpine-Mediterranean collision belt. The belt displays pronounced
differences in structural style. Compressional deformation and mountain building can be traced
around the Adriatic block including the Calabrian and Hellenic arcs. Recent GPS results reveal
large motion for the Anatolian/Aegean microplates directed towards west-southwest, relative to
the Eurasian Plate. In the Calabrian Arc and lonian Sea area, there is a complex distribution of
compressional and tensional stress regimes. Most recent GPS results indicate a relatively strong
compressional strain regime to the north of Sicily, which is concordant with fault-plane
solutions of recent earthquakes and which is indicative of the position of the actual kinematic
boundary of the African Plate. The Tyrrhenian Sea and its surroundings move like the Eurasian
Plate. The boundaries of the Anatolian/Aegean Plates are characterized by large strain rates due
to rapid W-SW oriented movement that reaches 35 mm/y.

INTRODUCTION

New geodetic instrumentation and improved spaceborne measuring
techniques permit a more accurate interpretation of recent crustal movements.
At the same time, synthesis of multidisciplinary quantities and inversion of
observations for geodynamically relevant parameters form part of current and
future international activities, such as pursued by the Working Group of
European Geoscientists for the Establishment of Networks for Earth-Science
Research (WEGENER; Plag et al.,, 1998). In hazardous areas, either
continuous GPS or repetitive measuring campaigns at shorter time intervals
have been continued and strengthened. This allows for the determination of
space and time variations in the regional strain tensors.
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The results achieved so far can be considered as a first important step
towards a better understanding of the geologic evolution, geophysical
structure and present-day dynamics of the Alpine-Mediterranean region
(Kahle and Mueller, 1998). However, most of the deformation processes are
not yet fully understood. Mapping the kinematic pattern (horizontal and
vertical motions) in specific areas where lithospheric detachment seems to be
active or may have faded out will yield important kinematic data as boundary
conditions for modeling arc evolution and back-arc basin development. The
current height components of deformations are, to date, almost completely
unknown, but as time passes the signals of vertical motions will become
recognizable in long-term time series of GPS observations. With modern
space-geodetic techniques, it will become possible to provide data which
ultimately will enable us to shed light on the plate tectonic processes of the
Alpine-Mediterranean region and better assess the pattern of current crustal
deformation around the Adriatic microplate.

The purpose of this paper is to summarize the present-day crustal
movements and geodetic strain field for the wider European area, and to focus
on the southern and southeastern boundary of the Adriatic microplate, in
particular.

PLATE TECTONIC FRAMEWORK

In a simplistic picture, the recent major tectonic processes in the
Mediterranean-Alpine region can be understood as a consequence of sea-floor
spreading in the Atlantic Ocean, the Red Sea and the Gulf of Aden. Higher
spreading rates in the South Atlantic as compared to the rates in the North
Atlantic cause a gradual counterclockwise rotation of the African Plate
resulting in a northwestward directed push against Eurasia.

Seismic activity in the Mediterranean-Alpine regions (Figure 1)
impressively illustrates the existence and dimensions of the so-called
"Adriatic promontory" of the African Plate proposed by Channell and
Horvath (1976). Figure 1 also clearly demonstrates the existence of the
Aegean-Anatolian microplate.

The Mediterranean-Alpine region has been shaped by numerous
episodes of destruction and creation of oceanic lithosphere. From Ocean
Drilling Program data across the Tyrrhenian Sea, Kastens et al. (1988)
inferred that tilting, subsidence and rifting had occurred on the margin near
Sardinia. Emplacement of basaltic crust in the central Tyrrhenian Sea started
in the Tortonian. In contrast, the formation of basaltic crust in the
southeastern part of the Tyrrhenian Sea began not earlier than Late Pliocene.
This later date of initiation of basaltic crust formation is in agreement with
suggestions that the Tyrrhenian Sea has grown southeastward towards the
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Calabrian arc. A key issue in the assessment of recent crustal movements
around the Tyrrhenian Sea is the analysis of GPS observations. Recent results
will be shown below.

Figure 1. World seismicity 1973-2001 (M>4) after USGS-NEIC
(http://gldss7.cr.usgs.gov/neis/epic/epic.html).

Subduction of the African Plate is still going on today beneath the
Hellenic, Calabrian and Gibraltar arcs, resulting in the extension and
subsidence of the Aegean, Tyrrhenian and Alboran basins (see Figure 2).
Mapping of the Mohorovicic discontinuity (the "Moho"), which separates the
crust from the upper mantle, has been carried out by many investigators based
on seismic refraction and reflection surveys. Deep crustal roots have been
found under the Betics, Pyrenees, Alps, Dinarides, Hellenides, and Caucasus
mountain ranges. The regions with the smallest crustal thickness correlate
with episodes of recent subsidence, such as in the Pannonian basin. A third
feature are the "oceanized" basins, including the Alboran Sea, the Tyrrhenian
Sea, the Ionian Sea, the southern Aegean Sea, and the Black Sea. The Ionian
Sea is underlain by an oceanic type of crust. The Mediterranean Ridge,
extending from the Apulian plateau to the island of Rhodes and the southern
part of the Antalya basin, has an intermediate-type crust. The margins of the
Eastern Mediterranean Sea are bound by normal continental crust. While the
southern and eastern coastal regions of the Eastern Mediterranean are typical
passive continental margins, the northern boundaries are active continental
margins comprising the Calabrian, Hellenic and Tauric arcs associated with
compressional processes.
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